The sonic hedgehog pathway (Shh) plays a central role in maintaining stem cell function and behaviour in various processes related to self-renewal and tissue regeneration. However, the therapeutic effect of Shh on mouse embryonic stem cells (mESCs) has not yet been clearly elucidated. Thus, we investigated the effect of Shh on the regulation of mESC behaviour as well as the effect of Shh-pretreated mESCs in skin wound healing.
Introduction
The hedgehog (Hh) signalling pathway contributes to embryonic development, cell-fate specification of stem cells, organogenesis and tissue repair/regeneration. Sonic hedgehog (Shh), which is one of the Hh family members, has been studied due to its potential as a target in therapeutic medicine (Rimkus et al., 2016) . The Shh canonical pathway, by interacting with the patched (Ptch1) protein family, modulates Gli-dependent transcription targets, such as Gli1 and Gli2, which suggests the possibility of autocrine Shh signalling in cells, affecting them in a paracrine manner (DelloyeBourgeois et al., 2013; Li et al., 2014) . In contrast, Gli3 acts as a repressor to inhibit their target gene expression. In the absence of Shh, however, the Hh receptor Ptch1 inhibits the action of smoothened (Smo). Shh activation leads to the migration and proliferation of various stem cells (Wu et al., 2010; Plaisant et al., 2011; Reinchisi et al., 2013; Yan et al., 2013) . For these reasons, blockage of Shh signalling by therapeutic agents such as cyclopamine, which decreases cell proliferation, survival and self-renewal, has been extended into clinical usage (Bar et al., 2007; Clement et al., 2007; Justilien and Fields, 2015) .
Cadherins and integrins, two major adhesion molecule families, notably appear to be dependent on Shh signalling with regard to their involvement in cell adhesion and selfrenewal. The cadherin-based adherens junction is involved in the cytoskeletal network, which interacts with β-catenin and α-catenin in order to form stable adherens junctions (Drees et al., 2005) . Proteolytic disruption of E-cadherinbased adherens junctions induces β-catenin-induced transcriptional events that control the cellular response (Klinke 2nd et al., 2015) . Integrins, transmembrane receptors composed of two subunits (α and β), are well-organized proteins involved in wound healing that collaborate with cell surface receptors and molecules. Integrin-mediated cell-matrix interactions, which lead to cell adhesion, polarity and migration, are essential for re-epithelialization and wound healing (Kenny and Connelly, 2015) . Importantly, integrin β1 is required for angiogenesis, as mutant embryos die before vascular development (Carlson et al., 2008) . Several studies have shown that the Rho subfamily of GTPase Rac1/Cdc42 crosstalk with integrin-dependent focal adhesions is involved in a number of cell functions in vitro, including motility, proliferation and spreading (Price et al., 1998; Wang et al., 2015; Huang et al., 2016) . Therefore, further studies are required to determine the involvement of integrins in skin wound repairs in vivo, such as extracellular matrix (ECM) remodelling or autocrine/paracrine signalling.
Stem cells, by regulating the cellular microenvironment, have an efficient endogenous repair mechanism (Lane et al., 2014) . Moreover, stem cell-based therapies have been widely reported to enhance tissue repair and regeneration through cellular engraftment and paracrine activity (Forbes and Rosenthal, 2014) . Pluripotent stem cells, including ESCs, can be induced to repair tissues. Therefore, they have attracted attention as an ideal cell source for use in regenerative medicine (Thomson et al., 1998; Ko et al., 2014) . Skin wound healing is a dynamic process that involves the orchestration of cellular and molecular mechanisms for increasing re-epithelialization, granulation tissue formation and blood vessel density (Takeo et al., 2015) . Various types of cells modulate growth and motility in the wound site during the healing process (Guo and DiPietro, 2010; Pastar et al., 2014) . Although the undifferentiated transplantation of ESCs has limited clinical use due to its possible ability to cause cancer, many previous investigators demonstrated the therapeutic effects of ESCs in regenerative medicine (Hodgson et al., 2004; Laflamme et al., 2007; Lee et al., 2011) . Considerable evidence has demonstrated that the topical application of undifferentiated ESCs can enhance the formation of granulation tissue, reepithelialization and angiogenesis during skin wound healing in rodent models (Lee et al., 2011; Kim et al., 2015) . In addition, the differentiation of ESCs from keratinocytes has been used to reconstitute the epidermis in regenerative medicine (Guenou et al., 2009) . In this regard, in vivo studies are needed to elucidate the interaction between stem cells and related signalling molecules in wound sites. Based on our investigation, we have proposed a complementary mechanism whereby Shh can promote tissue regeneration and regenerative medicine in mouse ESCs, which may be beneficial for wound healing. Furthermore, our study on the regulation of ESC's behaviour will provide new insight into understanding the physiology of pluripotent stem cells, such as ESCs and induced pluripotent stem cells, and clinical applications of pluripotent stem cell-derived somatic cells in regenerative medicine.
Methods

Mouse ESC culture
Mouse ESCs were cultured with DMEM (Thermo Fisher Scientific) supplemented with 3.7 g·L À1 sodium bicarbonate, 1% penicillin and streptomycin, 1.7 mM L-glutamine, 0.1 mM β-mercaptoethanol, 5 ng·mL À1 mouse LIF and 15% FBS. Cells were grown on gelatinized 60 mm diameter culture dishes in an incubator maintained at 37°C with 5% CO 2 . When cells were approximately 70-80% confluent, the medium was replaced with serum-free DMEM (5% serum replacement instead of 15% FBS) for 24 h before the experiments.
Immunofluorescence staining
Cells were washed with cold PBS and fixed with 4% paraformaldehyde for 10 min. They were then incubated with 0.1% Triton X-100 for permeabilization. The cells were washed three times with PBS and then incubated with 5% normal goat serum for 30 min to decrease nonspecific antibody binding. The cells were treated with 1:100 dilution of primary antibody against target proteins. Next, cells were incubated with either a 1:100 dilution of FITC-conjugated anti-rabbit and anti-mouse IgG antibody or Alexa Fluor488/555-conjugated secondary antibody (Thermo Fisher Scientific). Fluorescent images were visualized with a FluoView 300 fluorescence microscope (Olympus, Tokyo, Japan). BrdU was normalized to PI for the entire images including wound area, and the data were analysed by using MetaMorph software (Universal Imaging, West Chester, PA, USA).
Western blot analysis
Cells were washed twice with cold-PBS followed by incubation on ice and lysing with lysis buffer [20 mM Tris (pH 7.5), 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 1 mg·mL À1 aprotinin, 1 mM PMSF and 0.5 mM sodium orthovanadate] and separated with one set of 3 s pulses on ice using a Branson Sonifier 250 with output power set to 3. The lysates were centrifuged at 21 055× g for 40 min at 4°C, and protein concentration was determined by using a BCA protein assay kit (Thermo Fisher Scientific). Sample protein separations were resolved by SDS-PAGE and transferred to PVDF membranes. The membranes were incubated with primary antibody (1:800 or 1:1000 dilutions) overnight at 4°C in an incubator after being blocked with TBST [10 mM Tris-HCl (pH 7.6), 150 mM NaCl and 0.01% Tween-20] containing 5% skimmed milk for 1 h. Next day, the membranes were washed with TBST and then incubated with HRPconjugated secondary antibodies. Specific bands were detected by ChemiDoc™ XRS+ System (Bio-Rad, Hercules, CA, USA). The positive pixel area of specific bands was quantified using ImageJ (National Institutes of Health, Bethesda, MD, USA), and the bands were normalized to β-actin, pan-cadherin or lamin A/C.
Trichloroacetic acid (TCA) precipitation
The 10% TCA was added to 1 mL of mESC culture media. The mixture was centrifuged at 18 341× g for 5 min, and the supernatant was removed. The pellet was washed with 200 μL cold acetone and then dried by using heat block at 95°C for 5 min. Sample buffer was added to the pellet, and the mixture was boiled in heat block for 10 min. Samples were loaded onto polyacrylamide gels for SDS-PAGE.
Compliance with requirements for studies using animals
All animal care and procedures were performed following the National Institutes of Health Guidelines for the Humane Treatment of Animals of Seoul National University and were approved by the Institutional Animal Care and Use Committees at Seoul National University (SNU-170206-1). Animal studies are reported in compliance with the ARRIVE guidelines (Kilkenny et al., 2010; McGrath and Lilley, 2015) . A total of 48 animals was used in the experiments. Eight-week-old male ICR mice weighing 22-25 g were purchased from Han Lim Experimental Animal (Suwon, Korea). The ICR mouse, which appears to mimic natural, generically heterogeneous populations, has been widely utilized in many fields such as basic research since it is a general-purpose stock, easy to handle and is fairly docile. Animals were housed in individual cages under standard environmental conditions (24 ± 2°C, 12/12 h light/dark cycle with lights on at 07:00, ad libitum access to food and purified water). Mice were provided with beta chip bedding, which was substituted with new bedding twice a week. Mice were stabilized in a new environment for 4 days to enhance both animal welfare and experimental results. Mice were anaesthetized with 3% isoflurane in a mixture of N 2 O/O 2 gas and placed on a heating table to maintain a constant body temperature (37°C). Anesthesia depth was monitored by reflexes. Mouse's mouth was gently open and the degree of muscle relaxation was assessed. Jaw was relaxed and easy to open. Withdrawal reflex of tow had also checked. Two 6 mm excisional wounds were created on the back of each mouse surgically by a 6 mm diameter sterile biopsy punch (Kai Medical, Seki, Japan). A silicone splinting ring was placed around the wound with several stitches, and then the wounds were dressed with sterile transparent dressing Tegaderm (3 M, St. Paul, MN, USA). After the surgical procedures, meloxicam was used to reduce the pain (1 mg·kg À1 of meloxicam was injected i.p.). The health status of animals was checked daily before the surgical procedures and three times a day after the surgical procedures. The allocation of mice into each experimental group was randomized, meaning that all the surgical procedures and injection of mESCs or drug were performed blindly. The skin tissues, once removed, were mounted on slides, and several sections were randomly selected from each animal. We were carefully concerned with the '3R principle' (reduction, replacement and refinement) in the context of animal testing ethics.
Mouse excisional wound splinting model
Methods for the mouse skin excision wound splinting model and stem cell transplantation were performed as described previously . To examine the functional effects of mESCs pretreated with Shh, mice were randomly divided into four groups (n = 6 each group): vehicle, Shh, mESCs and Shh-pretreated mESCs.
To examine the role of integrin in the migration of mESCs towards the wound site, mice were divided into another four groups (n = 6 each group): integrin β1 siRNA + mESCs; integrin β1 siRNA + Shh-pretreated mESCs; non-targeting (NT) siRNA + mESCs; and NT siRNA + Shh-pretreated mESCs. The mESCs were pretreated with bromo-2 0 -deoxyuridine (BrdU, 2 μM) for 24 h prior to injection. In the cell treatment groups, 1 × 10 6 mESCs in 100 μL saline were injected into the dermis at four sites around the wound. Wounds were photographed at different times (days 0, 3, 6 and 9) with a digital camera system (Canon, Tokyo, Japan) at the same distance from the wound, and % of wound size that healed was calculated. At day 9, all mice were killed by CO 2 , and wound tissue samples were harvested. The samples were fixed by 4% paraformaldehyde in PBS at room temperature (RT) for 4 h. The tissues were incubated in 30% sucrose in PBS at RT for 2 h and then incubated in 40% sucrose at 4°C overnight. The fixed tissues were embedded in O.C.T. compound (Sakura Finetek, Torrance, CA, USA) and were then frozen and stored immediately at À70°C. The tissues were cut to 6 μm thick sections using a cryostat (Leica Biosystems, Nussloch, Germany) and assembled on SuperFrost Plus slides (Thermo Fisher Scientific, Waltham) for haematoxylin and eosin (H&E) staining and immunohistochemical analysis.
Affinity precipitation of cellular GTP-Rac1 and -Cdc42
Activation of Rac1 and Cdc42 was determined by using affinity precipitation assay kits (EMD Millipore, Billerica, MA, USA) according to the manufacturer's instructions. Briefly, cells were lysed with Mg 2+ lysis/wash buffer. Next, the cell lysates were incubated for 1 h with agarose-conjugated Rac1/Cdc42-binding domain (GST-PAK-PBD). After the incubation, the agarose beads were boiled in sample buffer to release active Rac1 and Cdc42 and were analysed via Western blotting using anti-Rac1 and anti-Cdc42 antibodies respectively.
Co-immunoprecipitation (co-IP)
Cells were washed twice with cold-PBS and lysed, with co-IP buffer containing protease inhibitor, by a Sonicator (Branson Sonifier at a power output of 3 and duty cycle of 30%) and centrifuged at 14 000× g for 30 min at 4°C. Cell lysates (200-400 μg) were incubated with primary antibody against E-cadherin for 4 h at 4°C on a gentle shaker. Next, the cell lysates were incubated with the protein A/G PLUS-agarose IP reagent (Pierce, Rockford, IL, USA) overnight. Next day, the cell lysates were washed with co-IP buffer, three times. For SDS-PAGE analysis, sample buffer was added to the cell lysates, and then samples were boiled at 95°C for 5 min. Samples were analysed by Western blotting using anti-E-cadherin and anti-β-catenin antibodies respectively.
Subcellular fractionation
Prior to harvesting, cells were washed twice with cold-PBS. 
Small interfering RNA (siRNA) transfection
Cells at approximately 70-80% confluence were transfected with a SMARTpool of siRNAs specific for Gli1, E-cadherin, β-catenin, integrin β1, integrin β4, integrin β6, Rac1, Cdc42, PAK1 (20 nM; Dhamacon, Lafayette, CO, USA) or NT siRNA as a negative control (Thermo Fisher Scientific, Waltham) for 24 h, according to the manufacturer's instructions. The efficacies of the siRNAs were confirmed by Western blotting (Supporting Information Figure S9 ).
Cell cycle analysis
Cells were washed twice with cold-PBS and treated with 0.05% trypsin/EDTA for cell dissociation. Cells were fixed with 70% cold ethanol for 40 min in an incubator at 4°C. For DNA staining, fixed cells were centrifuged 5 min at 211× g and incubated with 250 μg·mL À1 PI and 100 μg·mL À1 RNase for 30 min at 37°C. Samples were analysed by CXP software (Beckman Coulter, Fullerton, CA, USA), and cell cycle histograms represent the proliferation indices after analysis of the PI-stained cells by FACS (Beckman Coulter).
Cell proliferation assay
The mESCs were seeded at equal densities (5 × 10 2 cells per well)
in 96-well plates. After the incubation period, 10 μL of EZ-Cytox reagent (DAEIL Lab, Seoul, Korea) was added, and the cells were incubated in darkness for 2 h at 37°C with 5% CO 2 . Cell proliferation was determined by measuring absorbance at 450 nm using a multiplate reader (Bio-Rad, Hercules, CA, USA).
Cell migration assays
Wound healing migration assay. 
Reverse transcription and quantitative real-time PCR
Total RNA was extracted with an RNeasy Extraction Kit (Takara Bio, Shiga, Japan), and a reverse transcription was performed with 1 μg of RNA using a Maxime RT premix kit (iNtRON Biotechnology, Sungnam, Korea). Next, cDNA was amplified by specific primers using a PCR kit (iNtRON Biotechnology, Sungnam, Korea). Quantification of mRNA was then performed in a Rotor-Gene 6500 real-time thermal cycling system (Corbett Research, Sydney, Australia) using the Quantinova SYBR Green PCR Kit (QIAGEN, Valencia, CA, USA) according to the manufacturer's instructions. Sequences of primers used for qPCR are described in Supporting Information Table S1 .
In situ proximity ligation assay (PLA)
Duolink™ in situ PLA was performed according to the manufacturer's instructions (Olink Bioscience, Uppsala, Sweden). After being blocked with blocking solution for 30 min at 37°C, primary antibodies against rabbit anti-E-cadherin and mouse anti-β-catenin were diluted in TBST containing 1% BSA and then incubated overnight at 4°C as standard conditions. The Duolink secondary antibodies with PLA probe against the particular primary antibodies were applied for 1 h at 37°C. The DNA oligonucleotides and the ligation enzyme were added and incubated for 1 h at 37°C. For amplification, polymerase in amplification buffer were added and then incubated for 100 min at 37°C. Fluorescent images (fluorescently labelled oligonucleotides; green dot, PI staining; red dot) were visualized with a FluoView 300 fluorescence microscope (Olympus, Tokyo, Japan).
Data analysis
The data and statistical analysis comply with the recommendations on experimental design and analysis in pharmacology (Curtis et al., 2018) . All data are represented as mean ± SEM. Statistical analysis was performed with GraphPad Prism Version 5.0 (GraphPad Inc., San Diego, CA, USA). Statistical analysis was performed using the ANOVA, and Bonferroni-Dunn test allows for multiple comparisons in some cases. A P value of <0.05 was accepted as statistical significance.
Materials
Mouse embryonic stem cells (mESCs; ES E14TG2a) were obtained from the American Type Culture Collection (Manassas, VA, USA). FBS and PBS were purchased from GE Healthcare Life Sciences (South Logan, Utah, USA). Sonic hedgehog (Shh), cyclopamine, chloroquine, PP2, fluorescein isothiocyanate (FITC)-anti-rabbit antibody and 5-bromo-2 0 -deoxyuridine (BrdU) were purchased from SigmaAldrich (St. Louis, MO, USA). Propidium iodide (PI) was obtained from Thermo Fisher Scientific (Waltham, MA, USA). Leukaemia inhibitory factor (LIF; cat#, sc-4378), Gant 61, MMP inhibitor, primary antibodies against Gli1 (cat#, sc-20687), Gli2 (cat#, sc-28674), MMP2 (cat#, sc-13594), MMP9 (cat#, sc-21733), β-catenin (cat#, sc-7963), E-cadherin (cat#, sc-7870), integrin β1 (cat#, scβ8978), p-FAK (S722) (cat#, sc-16662-R), p-FAK (Tyr 397) (cat#, sc-11765-R), FAK (cat#, sc-932), Paxillin (cat#, sc-5574), Rac1 (cat#, sc-217), Cdc42 (cat#, sc-8401), β-actin (cat#, sc-47778), pan-cadherin (cat#, sc-59876), Lamin A/C (cat#, sc-20681) and secondary antibodies against HRP-conjugated goat anti-rabbit IgG, goat anti-mouse IgG and rabbit anti-goat IgG were purchased from Santa Cruz Biotechnology (Dallas, TX, USA). Primary antibodies against filamentous actin (F-actin) (cat#, ab205) was purchased from Abcam (Cambridge, MA, USA) and phospho (p)-β-catenin (T41/S45) (cat#, 9565S) was purchased from Cell Signaling Technology (Danvers, MA, USA). All other reagents were of the highest commercial purity.
Nomenclature of targets and ligands
Key protein targets and ligands in this article are hyperlinked to corresponding entries in http://www. guidetopharmacology.org, the common portal for data form the IUPHAR/BPS Guide to PHARMACOLOGY (Harding et al., 2018) , and are permanently archived in the Concise Guide to PHARMACOLOGY 2017/18 (Alexander et al., 2017a,b,c) .
Results
Regulation of Shh activation affects MMP on adherens junction disruption
When extracellular Hh is present, the Hh signalling is triggered by the Hh binding to the transmembrane receptor Ptch1, which normally inhibits Smo, and activates the transcriptional activity of Gli factors. Therefore, we investigated which Gli isoform is involved in mESCs. The mRNA expression levels of Gli1 and Gli2, which are the activator transcription factors of Hh signalling, were increased. Meanwhile, the mRNA expression level of Gli3, which is a transcriptional repressor, was not significantly changed ( Figure 1A ). Gli1 and Gli2 were increased in a timedependent manner until 12 h of Shh treatment, while the Gli2 level was lower at 24 h when compared to the level at 12 h ( Figure 1B ). Shh-dependent mESCs reacted positively in immunofluorescence staining with antibodies against the Gli1. Additionally, Shh-induced Gli1 activation was blocked by the Shh inhibitor cyclopamine ( Figure 1C) . To determine the role of Shh-induced Gli in the maintenance of undifferentiation status in mESCs, we investigated the lineage-specific differentiation marker genes and the pluripotent marker genes by using real-time PCR. Shh treatment or Gant 61-pretreated Shh did not affect mRNA expression levels of the self-renewal and differentiation marker genes (Supporting Information Figure S1 ), which means that Shh-induced Gli1 does not affect differentiation.
MMPs are essential enzymes degrading proteins of the basement membrane that are active in various cell behaviours such as cell proliferation and migration. To investigate the adherens junction disruption of mESCs pretreated with Shh, we distinguished the specific isotype of MMP. As shown in Figure 2A , there were increases in mRNA expression levels of MMP2 and MMP9 among the various kinds of MMP mRNA amplicons. Gli1 inhibition by Gli1 siRNA inhibited the Shh-induced increase in MMP2/9 mRNA expression. Shh stimulated the levels of secreted and total MMP2/9 in a time-dependent manner ( Figure 2B ). Blockade of the Shh signalling by cyclopamine prevented the increases in secreted and total MMP2/9. Furthermore, Shh-pretreated Gli1 siRNA transfection blocked the increase in secreted and total MMP2/9 ( Figure 2C ). However, Gli2 silencing did not significantly change the expression levels of MMP2/9 compared to NT siRNA-transfected mESCs with Shh (Supporting Information Figure S2 ). Therefore, our data showed that Shh-induced increases in MMP2/9 are mainly regulated by Gli1 activation, and not Gli2. To examine the relationship between MMP2/9 and the effects of Shh on the adherens junction in mESCs, co-IP was performed. The extract from mESCs co-IP by rabbit anti-E-cadherin antibody was subjected to immunoblotting with mouse anti-β-catenin antibody. The results showed that the interaction between E-cadherin and β-catenin was detached by Shh ( Figure 2D ). The mESCs were fixed and subjected to Duolink ® fluorescence PLA by using rabbit anti-E-cadherin and mouse anti-β-catenin antibodies.
The interaction between E-cadherin and β-catenin is shown as green dots. When the Gli1 inhibitor Gant 61 or MMP inhibitor was combined with Shh treatment the decrease in the E-cadherin/β-catenin interaction was reversed (Figure-2E ). Canonical Wnt signalling results in β-catenin stabilization and nuclear translocation for the activation of target genes. In addition, the Wnt/β-catenin pathway is involved in EMT. Therefore, we investigated the effect of Shh-induced Gli1/2 on Wnt signalling and Snail, a representative EMT inducer. Our results showed that Shh treatment induced Wnt expression and GSK-3β phosphorylation. We also confirmed that Gli1 siRNA inhibited the increased expression of Wnt and phosphorylation of GSK-3β (Supporting Information Figure S4A ). Our data also showed that Shh treatment induced Snail expression was reversed by Gant 61 pretreatment (Supporting Information Figure S3A ). Subsequently, we analysed the effect of Snail silencing on the expressions of MMP2, MMP9, E-cadherin, β-catenin and integrin β1. We found that Shh-induced down-regulation of E-cadherin was blocked by Snail silencing, but Shh-induced expressions of MMPs, β-catenin and integrin β1 were not reversed by Snail silencing (Supporting Information Figure S3B ). These findings indicate that Shh-induced Gli1 stimulates Wnt signals and Shh-induced Snail expression stimulates β-catenin-mediated suppression of E-cadherin in mESCs.
Shh-induced release of β-catenin from adherens junction regulates cell cycle
Degradation of E-cadherin is regulated through lysosomal proteolysis. The inhibition of protein degradation by chloroquine with Shh treatment prevented the Shh-induced decrease in E-cadherin expression ( Figure 3A ). In addition, we observed that E-cadherin distribution was affected when mESCs were treated with Shh, and this effect was reversed by cotreatment with chloroquine, as seen through immunofluorescence staining ( Figure 3B ). Cells were transfected with E-cadherin siRNA for 24 h, and Western blotting was performed to detect the β-catenin activation. Increased levels of p-β-catenin (T41, S45) and active-β-catenin were observed after E-cadherin siRNA transfection ( Figure 3C ). To assess the migration of β-catenin to the nucleus induced by Shh, we undertook nuclear fractionation after Shh treatment for 24 h. β-Catenin was in high abundance in the nucleus after Shh treatment when compared to control cells. In addition, pretreatment with an MMP inhibitor blocked β-catenin nuclear translocation ( Figure 3D ). The mESCs were incubated with or without Shh for 24 h and analysed by confocal microscopy for nuclear translocation by using specific rabbit E-cadherin or mouse β-catenin antibodies. A high portion of Shh-treated cells displayed cytosolic localization and nuclear translocation of β-catenin ( Figure 3E ). We further analysed the effect of Gant 61 or an MMP inhibitor on Shh-phosphorylated β-catenin at T41/S45. We showed that Shh-induced β-catenin phosphorylation is inhibited by the pretreatment with Gant 61 or an MMP inhibitor (Supporting Information Figures  S5A and S6A) . Consequently, pretreatment with the MMP inhibitor prevented the Shh-induced reduction in E-cadherin expression (Supporting Information Figure S5B ). These findings indicate that Gli1-induced MMP2 and MMP9 stimulate proteolysis of E-cadherin, which leads to the nuclear translocation of β-catenin. To determine the influence of the MMP2 and MMP9 into the medium and the expression of MMP2 and MMP9 were detected by Western blotting. β-Actin was used as the loading control to normalize the levels of total MMP2/9. The data are expressed as mean ± SEM for five independent experiments. *P < 0.05 versus 0 h of secreted MMP2; & P < 0.05 versus 0 h of MMP2; $ P < 0.05 versus 0 h of secreted MMP9; + P < 0.05 versus 0 h of MMP9. (C) mESCs were pretreated with cyclopamine for 30 min and transfected with Gli1 siRNA or NT siRNA for 24 h prior to Shh treatment for 24 h. The secretion of MMP2 and MMP9 into the medium and the expression of MMP2 and MMP9 were detected by Western blotting. β-Actin was used as the loading control to normalize the levels of total MMP2/9. The data are expressed as mean ± SEM for five independent experiments. *P < 0.05 versus control of secreted MMP2; **P < 0.05 versus Shh of secreted MMP2; & P < 0.05 versus control of MMP2; && P < 0.05 versus Shh of MMP2; $ P < 0.05 versus control of secreted MMP9; $$ P < 0.05 versus Shh of secreted MMP9; + P < 0.05 versus control of MMP9; ++ P < 0.05 versus Shh of MMP9. (D) mESCs were pretreated with Gant 61 (Gli inhibitor; 10 μM) or MMP inhibitor (10 À7 M) prior to Shh treatment for 24 h. Complexes were immunoprecipitated from cell lysate with an anti-E-cadherin antibody and blotted with antibodies against E-cadherin and β-catenin. The data are expressed as mean ± SEM for five independent experiments. *P < 0.05 versus control; # P < 0.05 versus Shh. (E) mESCs were pretreated with Gant 61 or MMP inhibitor prior to Shh treatment for 24 h. In situ PLA assay result demonstrates the interaction between β-catenin and E-cadherin in mESCs (Green dot, β-catenin/E-cadherin; Red, nuclear). Scale bar = 20 μm. Ctrl, control; NT, non-targeting; ROD, relative optical density.
Figure 3
Effect of Shh on mESC proliferation. (A) mESCs were pretreated with chloroquine (lysosomal protease inhibitor; 10 μM) for 30 min prior to Shh treatment for 24 h. E-cadherin protein was detected by Western blotting. The data are expressed as mean ± SEM for five independent experiments. *P < 0.05 versus control; # P < 0.05 versus Shh. (B) mESCs were pretreated with chloroquine for 30 min prior to Shh treatment for 24 h. The expression of E-cadherin was detected by immunofluorescence staining and visualized by confocal microscopy. Representative images from five independent experiments are shown. Scale bar = 20 μm. (C) mESCs were transfected with E-cadherin siRNA (20 nM) or NT siRNA for 24 h prior to Shh treatment, and p-β-catenin and active-β-catenin were detected by Western blotting. The data are expressed as mean ± SEM for five independent experiments. * P < 0.05 versus NT siRNA; & P < 0.05 versus Shh + NT siRNA. (D) mESCs were pretreated with MMP inhibitor prior to Shh treatment, and the expressions of β-catenin in the nucleus and non-nucleus fraction were detected by Western blotting. β-Actin was used as the cytosol marker, and Lamin A/C was used as the nuclear marker. The data are expressed as mean ± SEM for five independent experiments. *P < 0.05 versus control; # P < 0.05 versus Shh. (E) mESCs were treated with Shh for 24 h. The expressions of E-cadherin and counter-labelled with β-catenin were detected by immunofluorescence staining and visualized by confocal microscopy. Representative images from five independent experiments are shown. Scale bar = 20 μm. (F) mESCs were treated with Shh for 0-24 h and then incubated with 10 μL EZ-Cytox reagent for 2 h. Cell proliferation was determined by measuring absorbance at 450 nm by using a multiplate reader. The data are reported as mean ± SEM for six independent experiments. *P < 0.05 versus control. (G) mESCs were transfected with β-catenin siRNA or NT siRNA prior to Shh treatment for 24 h and then incubated with 10 μL EZ-Cytox reagent for 2 h. Cell proliferation was determined by measuring absorbance at 450 nm using a multiplate reader. The data are reported as mean ± SEM for six independent experiments. *P < 0.05 versus control; # P < 0.05 versus Shh + NT siRNA. (H) mESCs were transfected with β-catenin siRNA or NT siRNA prior to Shh treatment for 24 h. The cells were washed with PBS and subjected to PI staining for cell cycle analysis using flow cytometry. Numbers of cells in each section were configured manually to identify the percentage of cells in S phase. Proliferation index = (S + G2/M)/(G0/G1 + S + G2/M). The data are reported as the mean ± SEM for five independent experiments. *P < 0.05 versus control; # P < 0.05 versus Shh + NT siRNA. Ctrl,
control; E-cad, E-cadherin; NT, non-targeting; ROD, relative optical density.
Modulation of Shh-induced mESC behaviours translocated β-catenin in the nucleus, we examined whether Shh affected proliferation of the treated cells. Shh treatment increased the proliferation of mESCs in a time-dependent manner, as shown in Figure 3F . In addition, flow cytometric analysis of PI-stained cells and a cell proliferation assay were used to measure proliferation. Shh-treated mESCs showed increased proliferation compared to control cells, whereas proliferation was blocked by β-catenin siRNA in Shh-treated cells ( Figure 3G, H) , showing that β-catenin regulates the cell cycle.
Shh-induced integrin β1 assists mESC migration through the cytoskeleton
To determine whether Gli1 affects integrin expression, we screened the expression pattern of the integrin subunits (β1, β3, β4, β5, β6 and β8) in mESCs when Gli1 siRNA was transfected. Shh increased the mRNA expression levels of integrins β1, β4 and β6 but failed to regulate other integrin subunits, including integrins β3, β5 and β8 mRNA ( Figure 4A ). Moreover, to confirm the role of integrin β1 on mESC migration, mESCs were transfected with integrin β1, integrin β4, integrin β6 or NT siRNA, and the migration of Shh-treated cells was quantified by an Oris migration assay. The results showed that transfection with integrin β1 siRNA decreased the Shhinduced cell migration but integrin β4 and β6 siRNA treatment had no effect on the migration of cells induced by Shh ( Figure 4B ). The Shh-induced increase in integrin β1 expression was inhibited by pretreatment with cyclopamine and Gant 61, a Smo inhibitor and a Gli inhibitor respectively ( Figure 4C ). These results suggest that integrin β1 is the most important integrin isotype in Shh-induced mESC migration, and downstream signalling pathways of Shh might be involved in regulating integrin β1 expression. Furthermore, we investigated the relationships between integrin β1 and β-catenin in the Shh-treated cells. Our data showed that Shh-induced β-catenin nuclear translocation was not blocked by integrin β1 siRNA transfection, and Shh-induced integrin β1 expression was not inhibited by β-catenin siRNA transfection (Supporting Information Figure  S7 ). Thus, these findings suggest independent relationships between Shh-induced integrin β1 expression and β-catenin nuclear translocation.
To confirm the effect of integrin β1 on Shh-induced mESC migration in vivo, we transfected integrin β1 siRNA into mESCs before injecting it into the wounds. The wound sizes of mice injected with Shh-pretreated mESCs were decreased significantly 9 days after wounding, whereas integrin β1 siRNA transfection abolished the effect observed in mESCs pretreated with Shh. This means that integrin β1 expression is important in enhancing the skin wound healing effect of Shh-stimulated mESCs ( Figure 4D ). Histological analysis using H&E staining showed wound healing was almost complete in the Shh-treated mESC group at day 9. In addition, the wound sites were covered with granulation tissues in the Shhtreated mESC group ( Figure 4E ). To verify mESC migration towards the wound sites during wound healing, mESCs were pretreated with BrdU (2 μM) for 24 h before injection. Our results showed that transplantation of mESCs with Shh pretreatment increased BrdU-positive cells at the wounds compared to NT siRNA-transfected mESC transplantation group ( Figure 4F ). Integrin/FAK/Src signalling can regulate cellular processes such as cell adhesion, spreading and migration. Shh increased the phosphorylations of FAK and Src in a time-dependent manner (data not shown), but such phosphorylations were blocked by Gant 61 or integrin β1 siRNA ( Figure 4G ). Furthermore, we analysed the role of Gli1 in Shh-induced focal adhesion formation. As shown in Figure 4H , Shh-induced p-FAK, FAK, paxillin and integrin β1 expressions in the membrane fraction are reversed by Gant 61 pretreatment. These data suggest that Shh-induced Gli1 stimulates focal adhesion formation.
Shh induces F-actin formation through Rho GTPase
Next, we examined whether Rho GTPase activation is responsible for Shh-induced mESC migration. To verify the effect of Shh on the GTP-binding form of Rac1 and Cdc42, mESCs were treated with cyclopamine or the Src-family kinase inhibitor PP2. The GTP-binding forms of Rac1 and Cdc42 were significantly increased in mESCs during Shh treatment, which suggests that GTP-binding forms were involved in increasing mESC motility. The Shh-induced increase in Rac1-and Cdc42-GTP were reversed by treating Shh with cyclopamine or PP2 to prevent Rac1/Cdc42-GTP binding ( Figure 5A ). Furthermore, to verify the role of Rho GTPase in mESC migration, the cells were transfected with Rac1, Cdc42 or PAK1 siRNAs. The IBIDI migration assay showed that Shh-induced mESC migration was prevented by the knockdown of Rac1, Cdc42 or PAK1 ( Figure 5B ). Additionally, their migration levels were quantified by the Oris cell migration assay ( Figure 5C ). In detail, the cells were transfected with Rac1, Cdc42 or PAK1 siRNAs before Shh treatment for 24 h. Live cell imaging was used to visualize cell migration, and the Shh-treated mESCs showed a significant increase in total migration distance ( Figure 5D ). We confirmed the localization of F-actin in the mESCs through immunofluorescence staining ( Figure 5E ).
Discussion
In this study, we reported that Shh-induced MMP2/9 activation decreased E-cadherin expression through adherens junction disruption, and Shh-induced Gli1 expression increased F-actin formation through integrin β1-dependent activation of Rho GTPase. This stimulated the proliferation and migration of mESCs. In our previous report, we confirmed that mESCs pretreated with Shh enhanced re-epithelialization and were highly efficient in wound repair compared to mESCs pretreated with vehicle in a mouse wound healing model (Suh and Han, 2015) . This motivated us to investigate the exact mechanism involved and how Shh acts as a critical regulator of cell-fate determination during wound healing. Through mRNA expression and Oris migration assay analyses, we observed that of the integrin family, integrin β1 expression was dominant within mouse skin tissues. Many studies have demonstrated that integrin β1 is required for the angiogenesis from pre-existing vessels in wound repair as well as for granulation tissue formation (Tabatabai et al., 2011; Scully et al., 2016) . Therefore, we examined the effects of Shh on mESC growth and migration to elucidate the effect Figure 4 The role of integrin β1 on mESC migration. (A) mESCs were transfected with Gli1 siRNA (20 nM) or NT siRNA for 24 h prior to Shh treatment for 24 h. The levels of integrins β1, β3, β4, β5, β6 and β8 mRNA expression were measured by real-time PCR. The data are expressed as mean ± SEM for five experiments. *P < 0.05 versus control of integrin β1; # P < 0.05 versus Shh + NT siRNA of integrin β1; & P < 0.05 versus control of integrin β4; $ P < 0.05 versus Shh + NT siRNA of integrin β4; @ P < 0.05 versus control of integrin β6; + P < 0.05 versus Shh + NT siRNA of integrin β6. (B) mESCs were transfected with integrins β1, β4, β6 or NT siRNA for 24 h prior to Shh treatment for 24 h. Migration of Shh-treated cells was quantified using the Oris™ migration assay kit. The data are reported as the mean ± SEM for five independent experiments. *P < 0.05 versus control; # P < 0.05 versus Shh + NT siRNA. (C) mESCs were pretreated with cyclopamine or Gant 61 prior to Shh treatment for 24 h, and integrin β1 was detected by Western blotting. The data are expressed as mean ± SEM for six independent experiments. *P < 0.05 versus control; # P < 0.05 versus Shh.
(D) Mice were randomly divided into four groups (n = 6 each group): NT siRNA + Vehicle + mESCs, NT siRNA + Shh + mESCs, integrin β1 siRNA-+ Vehicle + mESCs, or integrin β1 siRNA + Shh + mESCs. Wounds (6 mm diameter) were created by using a biopsy punch. Representative gross images of wounds at days 0, 3, 6 and 9 are shown. (left panel) Wound sizes compared to original wound size at day 0 were quantified. (right panel) The values are reported as the mean ± SEM. n = 6. *P < 0.05 versus NT siRNA + Vehicle + mESC group. (E) Wound tissues were stained with H&E at day 9 after wounding. Scale bars = 200 μm or 100 μm, magnification; ×40 or ×100. (F) mESCs were pretreated with BrdU (2 μM) for 24 h prior to injection. Wound tissues were immunostained with BrdU (green) and PI (red) and then visualized by confocal microscopy (upper panel). Scale bar = 100 μm. The percentage of BrdU-positive cells in total cells was analysed by using Metamorph software (lower panel). The data are expressed as mean ± SEM for six independent experiments. *P < 0.05 versus Veh + NT siRNA; # P < 0.05 versus Shh + NT siRNA. (G) mESCs were pretreated with Gant 61, integrin β1 siRNA or NT siRNA prior to Shh treatment for 1 h, and p-FAK and p-Src were detected by Western blotting. The data are expressed as mean ± SEM for five independent experiments. *P < 0.05 versus control; # P < 0.05 versus Shh + NT siRNA. (H) mESCs were pretreated with Gant 61 prior to Shh treatment and the expressions of p-FAK, paxillin and integrin β1 in the membrane fraction were detected by western blotting. Pan-cadherin was used as the membrane marker. The data are expressed as mean ± SEM for six independent experiments. *P < 0.05 versus control; # P < 0.05 versus Shh. CL, cornified layer; Ctrl, control; D, dermis; EP, epidermis; G, granulation tissue; NT, non-targeting;
RFU, relative fluorescence units; ROD, relative optical density; WS, wound site.
Modulation of Shh-induced mESC behaviours
of Shh on wound closure mediated by an up-regulation of integrin β1. The cadherin/catenin complexes of adherens junctions are involved with actin filaments for tissue development and homeostasis. The disruption of this cadherin/catenin complex is responsible for cell proliferation, cell-cell adhesion and migration (Maretzky et al., 2005; Klucky et al., 2007) . MMPs are capable of degrading all kinds of ECMs as well as being involved in adherens junction disruption (Klucky et al., 2007) , while tissue inhibitors of metalloproteinases (TIMPs) modulate E-cadherin/β-catenin interactions in cancer cells (Bourboulia et al., 2013) . Several studies have demonstrated that deleting Shh triggers a decrease in E-cadherin expression and localization of β-catenin to the nucleus in vivo and in vitro (Xiao et al., 2010) . In this study, the Shh-induced increase in MMP2/9 was able to dissociate β-catenin from E-cadherin via its proteolytic activities. In this regard, the inhibition of Gli or MMP resulted in an increase in E-cadherin/β-catenin binding. In addition, Shh increased β-catenin activation, whereas knocking down the β-catenin decreased the Shh-induced cell proliferation. Since previous reports demonstrated that Snail, which binds to the E-box region of CDH-1 gene promoter, is required for β-catenin activation (Stemmer et al., 2008; Ryu and Han, 2015) , our findings suggest that the reduction in E-cadherin induced by Shh via Gli1 is mediated through transcriptional repression of β-catenin activated by Snail expression. Although a previous report revealed that Gli2 is required for ectopic activation of Shh signalling (Bai et al., 2002) , another report showed that Gli1 is positively correlated with MMP9 expression, while negatively correlated with E-cadherin expression (Fan et al., 2014) . Therefore, in the present study we showed that Shh-induced increase in MMP and integrins β1, β4 and β6 are mainly regulated by Gli1 activation, but not Gli2. The β-catenin phosphorylation at serine 33, 37 or threonine 41 (S33/37/T41) cannot interact with cadherin and can possibly lead to proteasomal degradation. Thus, β-catenin phosphorylation at serine 45 or threonine 41 (T41/ S45) can associate with cadherin (Maher et al., 2010) , suggesting that phosphorylated β-catenin at T41/S45 may be necessary for cell-cell adhesion while phosphorylated β-catenin at S33/37/T41 leads to proteasomal degradation. β-Catenin phosphorylation at T41/S45 has been reported to be associated with cell cycle regulation (Olmeda et al., 2003) . Moreover, nuclear β-catenin is predominantly phosphorylated at T41/S45 (Maher et al., 2010) . Therefore, our results indicate that Shh-dependent adherens junction disruption releases β-catenin into the cytosol. The accumulated β-catenin migrates to the nucleus and provides a possible mechanism for mESC proliferation through cell cycle activation.
Integrins regulate the dynamic interactions between the ECM and the actin cytoskeleton. The integrin-activated Srcfocal adhesion kinase (FAK) autophosphorylated at tyrosine 397 mediates signal transduction in cell migration (Huttenlocher and Horwitz, 2011) . Furthermore, FAK activation is dependent on integrin-mediated cell adhesion. In particular, integrin β1 expression is essential for tissue repair in vivo (Brakebusch and Fassler, 2005; Liu et al., 2010) . A recent study on the importance of Hh signalling in regulating integrin-mediated FAK activation showed that downregulation of the Gli family is related to inhibited migration and invasion of ovarian cancer cells . Thus, we attempted to identify how Shh regulates mESC migration by investigating the effects of integrin β1 expression on cytoskeleton rearrangement. Although stem cells have emerged as a means to enhance cell homing and engraftment, their ability to migrate to wound sites for regeneration and tissue repair has not been fully elucidated.
Shh signalling has been associated with the cell proliferation and activation involved in tissue regeneration and ECM deposition (Mobassarah et al., 2014) . The activation of the Shh signalling pathway is reported to contribute to several parameters in wound healing, such as granulation tissue formation and angiogenesis, in various tissues (Le et al., 2008) . Previous studies have already shown that Shh signalling induces cancer cell migration and invasion (hence metastasis) via epithelial-mesenchymal transition (EMT) and MMP2/MMP9 expression in the tumour (Yoo et al., 2011; Chen et al., 2013) . However, in therapeutic applications of stem cells, E-cadherin complex disruption could be a major target for increasing mESC migration and stem cell therapeutic effects (Suh and Han, 2010; Suh and Han, 2015) . For example, Shh leads to cell specification during skin development through the interaction between epigenetic and morphogen cues (Perdigoto et al., 2016) . In addition, Shh accelerated the re-epithelialization and dermal healing in diabetic mice via enhanced fibroblast activity (Asai et al., 2006) . A recent study showed that Shh is required to restore cell functions as well as promote neovascularization in diabetic mice (Qin et al., 2016) . Furthermore, several researchers have shown that Shh can up-regulate angiogenic factors such as VEGF, which drive the formation of new blood vessels (Pola et al., 2001; Teng et al., 2012) .
Although Shh effectively regulates wound healing, the precise mechanism by which the Shh signalling pathway promotes ESC migration or proliferation in skin wounds remains unclear.
In this study, we showed that an Shh-induced integrin β1 effect on cytoskeleton rearrangement is associated with cell migration and required for tissue repair in vivo by activating downstream signalling. Our observations demonstrate that Shh treatment improves mESC migration capacity and affects wound closure in a skin wound healing model. In our skin wound healing model with Shh pretreated mESC transplantation, large and thick microvasculature sprouting towards the wound site was observed. This indicates that Shh augmented the formation of mature vessels. When we knocked down integrin β1 expression, the phosphorylation of FAK and Src was inhibited. In addition, our results show that Shh-induced integrin β1 increases the activation of Rac1 and Cdc42, which induces cell spreading, as well as lamellipodial and filopodial membrane protrusion, which results in cell motility. Our results indicate that Shh induces an overexpression of F-actin, and knocking down Rac1, Cdc42 or PAK1 inhibits mESC migration. Taken together, our results suggest that Shh acts by increasing integrin β1 expression, which in turn, increases F-actin formation through Rho small GTPase, resulting in cytoskeleton rearrangement and mESC migration.
The observations presented here indicate that Shh is an attractive candidate as a target with potential to promote tissue regeneration and wound repair in clinical applications. Moreover, Shh induces cell proliferation through adherens junction disruption and, in mice, enhances mESC migration through integrin β1-dependent F-actin formation by a process involving the Rac1/Cdc42 signalling pathway. Our results strongly suggest that skin wound healing is associated with the migration of ESCs to the wound site induced by adherens junction disruption and cytoskeleton rearrangements in the ESCs. Yan GN, Lv YF, Yang L, Yao XH, Cui YH, Guo DY (2013) . Glioma stem cells enhance endothelial cell migration and proliferation via the hedgehog pathway. Oncol Lett 6: 1524-1530.
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https://doi.org/10.1111/bph.14423( Figure S1 mESCs were pretreated with Gant 61 prior to Shh treatment for 24 h. (A, B) The mRNA of the self-renewal marker genes (Oct4 and Sox2), trophectoderm (Cdx2), endoderm (GATA4 and GATA6), mesoderm (Brachyury), and ectoderm (NeuroD) were measured by real-time PCR. Each mRNA expression level was normalized to the β-actin mRNA expression. The data are expressed as mean ± SEM for five independent experiments. Figure S2 Effect of Gli2 in Shh-induced MMP2/9. (A) mESCs were transfected with Gli2 siRNA or NT siRNA for 24 h prior to Shh treatment and MMP2 and MMP9 were detected by Western blotting. β-Actin was used as the loading control. The data are expressed as mean ± SEM for five independent experiments. *P < 0.05 versus control of MMP2; & P < 0.05 versus control of MMP9. NS = non significant. Figure S3 Effect of Shh-induced Gli1 on Snail expression. (A) mESCs were pretreated with Gant 61 prior to Shh treatment and the expression of Snail were detected by Western blotting. β-Actin was used as the loading control. The data are expressed as mean ± SEM for five independent experiments. *P < 0.05 versus control; # P < 0.05 versus Shh + Gant 61.
(B) mESCs were transfected with Snail siRNA (20 nM) or NT siRNA for 24 h prior to Shh treatment and E-cadherin, MMP 2/9, p-β-catenin and integrin β1 were detected by Western blotting. The data are expressed as mean ± SEM for five independent experiments. *P < 0.05 versus NT siRNA; # P < 0.05 versus Shh + NT siRNA of E-cadherin. Figure S4 Effect of Shh-induced Gli1/2 on Wnt and its signaling. (A) mESCs were transfected with Gli1, Gli2 siRNA (20 nM) or NT siRNA for 24 h prior to Shh treatment and Wnt1 and p-GSK-3β were detected by Western blotting. The data are expressed as mean ± SEM for five independent experiments. *P < 0.05 versus NT siRNA; # P < 0.05 versus Shh + NT siRNA. Figure S5 Effect of MMP inhibitor on Shh-phosphorylated β-catenin at T41/S45. (A) mESCs were pretreated with MMP inhibitor prior to Shh treatment and the expression of p-β-catenin and active-β-catenin were detected by Western blotting. The data are expressed as mean ± SEM for five independent experiments. *P < 0.05 versus control; # P < 0.05 versus Shh. (B) mESCs were pretreated with MMP inhibitor prior to Shh treatment and the expression of E-cadherin were detected by Western blotting. β-Actin was used as the loading control. The data are expressed as mean ± SEM for five independent experiments. *P < 0.05 versus control; # P < 0.05 versus Shh. Figure S6 Effect of Gant 61 on Shh-phosphorylated β-catenin. (A) mESCs were pretreated with Gant 61 prior to Shh treatment and the expression of p-β-catenin and active-β-catenin were detected by Western blotting. The data are expressed as mean ± SEM for five independent experiments. *P < 0.05 versus control; # P < 0.05 versus Shh. Figure S7 Relationship between integrin β1 and β-catenin.
(A) mESCs were transfected with β-catenin siRNA or NT siRNA for 24 h prior to Shh treatment and integrin β1 was detected by Western blotting. β-Actin was used as the loading control. The data are expressed as mean ± SEM for five independent experiments. *P < 0.05 versus control; NS = non significant. (B) mESCs were transfected with Integrin β1 siRNA or NT siRNA for 24 h prior to Shh treatment and the expressions of β-catenin in nucleus and non-nucleus fraction were detected by Western blotting. β-Actin was used as the cytosol marker and Lamin A/C was used as the nuclear marker. The data are expressed as mean ± SEM for five independent experiments. NS = non significant. Figure S8 Effect of siRNA on E-cadherin protein.
(A) Cells were transfected with E-cadherin or NT siRNA for 24 h prior to Shh treatment. The levels of E-cadherin mRNA expression were measured by real-time PCR. The data are expressed as mean ± SEM for ten independent experiments. *P < 0.05 versus NT siRNA; & P < 0.05 versus Shh + NT siRNA. Figure S9 Effect of siRNA on target proteins. Cells were transfected for 24 h with siRNA specific for Gli1, E-cadherin, β-catenin, integrin β1, Rac1, and Cdc42 or NT siRNA using DharmaFECT transfection reagent. Proteins were analyzed by Western blotting with anti-Gli1, anti-E-cadherin, and anti-β-catenin (A), anti-integrin β1, anti-Rac1, and antiCdc42 (B) antibodies. The data are represented as mean ± SEM for five independent experiments. *P, & P, $ P < 0.05 versus NT siRNA. NT, non-targeting; ROD, relative optical density. Table S1 The primers used for PCR.
